Aphis gossypii, best management practices, Dendranthema grandifl ora, insect herbivory, integrated pest management, melon aphid, nutrition, plant stress ABSTRACT. This research details the influence of fertility on plant growth, photosynthesis, ethylene evolution and herbivore abundance of chrysanthemum (Dendranthema grandifl ora Tzvelev 'Charmʼ) inoculated with cotton aphids (Aphis gossypii Glover). We tested fi ve fertility levels that consisted of 0%, 5%, 10%, 20%, and 100% (375 ppm N) of recommended nitrogen levels. Aphid abundance was greatest at high fertility. Fertility affected the vertical distribution of aphids. A higher population of aphids were observed in physiologically mature and older leaves at low fertility, whereas at high fertility young leaves had 33% more aphids than older, basal leaves. Aphids depressed plant vegetative and reproductive growth, and altered carbohydrate partitioning at high fertility. Aphid-inoculated (AI) plants at high fertility had increased specifi c leaf area [(SLA), i.e., thinner leaves] and greater leaf area than aphid-free (NonAI) plants. Aphids caused greater ethylene production in reproductive buds and young leaves of high fertility plants, but had no effect on ethylene evolution in physiologically mature or older, basal leaves. Plant growth, leaf nitrogen (N), phosphorus (P), iron (Fe) and manganese (Mn) increased at higher fertility, as did chlorophyll and photosynthetic rates. Leaf N was highest in young and physiologically mature leaves compared to basal leaves. Aphids decreased leaf N and P. Aphids reduced photosynthesis in young leaves of high fertility plants, whereas physiologically mature and older leaves were unaffected.
aphids. Optimal nitrogen fertility is important for plant growth and development. Nitrogen fertility can indirectly infl uence uptake of other ions, chlorophyll synthesis, photosynthesis and photosynthates. Some photosynthates are allocated to secondary metabolism (i.e., phenolics) that can increase the plantʼs resistance to insect pests (herbivores) (Bryant et al., 1987; Larsson et al., 1986) . High nitrogen fertility can increase insect populations and decrease total phenolics, with minimal effect on cinnamic acids, benzoic acids or fl avonoids (Muzika and Pregitzer, 1992) . However, the chemical resistance of host plants may not be the primary factor of plant tolerance to herbivores. Rather, herbivore tolerance may be partially or fully compensated for by increased plant growth in response to herbivore pressures (Herms and Mattson, 1992; McNaughton, 1983) . Increased growth may help plants cope with or recover faster from herbivore damage, such as from aphids. During commercial production, chrysanthemums are fertilized at high fertility, except for the last several weeks of production when fertility is discontinued to enhance postharvest keeping quality of fl ower blooms (Yoder Brothers Inc., 2003) . However, unlike agronomic or other fi eld crops, there is near zero tolerance for any aphids during greenhouse crop production of chrysanthemum. In short, strategies for optimizing greenhouse chrysanthemum nitrogen fertilization and controlling aphid population development have led to mixed results (Bethke et al, 1998) .
As part of best management practices (BMP), reduction of fertilizer usage and subsequent reduction in nitrogen run-off has caused changes in nitrogen usage for a number of ornamental crops (Cabrera et al., 1993; Yeager et al., 1997) . The Environmental Protection Agency (EPA) is enforcing the 1972 Federal Clean Water Act that all states implement a total maximum daily load program for all watersheds (Lea-Cox, 2001) . Knowing the infl uence of nitrogen fertility on host plant quality and pest populations may lead to precision based fertilization that maintain high crop quality, but minimize insect damage. The ultimate result would be to reduce the usage of pesticides and associated chemical phytotoxicity. Greater precision chemical usage can also potentially reduce pesticide runoff and contamination of surface and ground water (Yaeger et al., 1997) . Hence this study tested the hypothesis that moderate levels of nitrogen would better control cotton aphids on chrysanthemum. While aphids are known to reduce plant quality, there have been few comprehensive studies on plant response to aphid population dynamics-analyzing changes in plant growth and development, gas exchange and ethylene evolution.
Materials and Methods

PLANT CULTURAL CONDITIONS.
One hundred and twenty rooted cuttings of chrysanthemum (Dendranthema grandifl ora 'Charmʼ) were transplanted into thirty 6-inch standard pots (15.5 × 14.5 cm) on 13 Dec. 2001. Sunshine Mix #1 (Sun Gro Horticulture Inc., Pine Bluff, Arizona) was used for potting media. Four rooted cuttings, which is the industry standard, were evenly spaced within each pot. The plants were kept in growth chambers at 20 °C night/24 °C day, 75% RH and initially placed under long-day conditions: 16L:8D photoperiod. The recommended range of nitrogen for potted chrysanthemum is around 375 ppm N for pulse feeding (Scotts-Sierra Horticultural Products Coo., Marysville, Ohio). Plants were fertilized twice a week and watered as needed between fertilizations. Plants were fertilized twice weekly with 200 mL of Peters Professional Peat-lite special 15N-16 P -17 K (Scotts-Sierra Horticultural Products Company, Marysville, Ohio) at 0, 19, 38, 75 or 375 ppm N, which is respectively, 0%, 5%, 10%, 20%, or 100% of the recommended rate.
When there was 2 to 2.5 cm of new growth, each plant was soft pinched to about seven laterals (18 d after transplanting). After another 7 d of long-day conditions, when there was 1.3 to 2.5 cm of new growth, plants were put under short-day conditions (11L13D) to initiate fl ower primordia. Seven days after switching to shortdays, the growth retardant, B-9, (Uniroyal Chemical Company Inc., Middlebury, Conn) was applied to all pots at 3500 ppm to the point of run-off to reduce internode elongation. The experiment was terminated after 57 d on 8 Feb. 2002.
APHID CULTURE AND INOCULATION. Five apterous early adults of A. gossypii (6 to 7 d old) were transferred to each pot with a camelʼs hair brush the day after B-9 application. Only green morphs (spring morphs) were used for the experiment. The aphids were placed on the apical region of the plants. The plants were ≈5 weeks old at the time of aphid transfer. A ring of Tangle-Trap (1.3 cm wide) (Tanglefoot Company, Grand Rapids, Mich.) was applied to the outside of each pot, nine cm below the rim to control possible aphid movement. No aphids were found in the TangleTrap at the end of the experiment, which suggests that aphids do not crawl or migrate down the walls of pots. Cotton aphids used in this experiment were from a colony established with individuals collected from naturally infested chrysanthemums ('Miramarʼ) in the greenhouse and maintained in the laboratory at 26 ± 1 °C, 46% ± 5% RH and 11L: 13D photoperiod on chrysanthemums. The average photosynthetic photon fl ux at plant canopy in the growth chambers was 650 µmol·m -2 ·s -1 .
LEAF DEVELOPMENTAL STAGES. For determining plant development and aphid populations-nutritional analysis of nitrogen (N) and carbon (C), determination of photosynthesis, ethylene evolution and leaf chlorophyll-leaves were divided into three strata (regions): 1) two to three newly unfurled young leaves from the apical region, 2) physiologically mature leaves, and 3) basal, postphysiologically mature leaves from the oldest remaining one to three laterals just above the soil line (Fig. 1) . APHID DETERMINATION. The number of aphids on each pot was counted weekly until apterous aphids or alates started to leave the pots. Aphids were quantifi ed in the three leaf stages (strata). Aphid counts were terminated when ≥10 alates were found in any given pot (n = 3).
PLANT GROWTH MEASUREMENTS. Leaf area, plant height, fl ower bud number, specifi c leaf area [(SLA) cm 2 ·g -1 dry mass (DM) of leaves] and DM of leaves, shoots, fl ower buds, stems and roots were measured at the termination of the experiment (day 57) to characterize plant growth; three pots per treatment each containing four established, clonally-rooted cuttings were evaluated (n = 3).
TOTAL CARBON/ NITROGEN (C/N) ANALYSIS. At the termination of the experiment, leaves of aphid inoculated (AI) plants were lightly washed and rinsed with deionized water to remove residual honeydew and aphids. Leaves were subsequently dried with paper towels and leaf area taken with a leaf area meter (model 3000; LI-COR Inc., Lincoln, Neb.). All leaves were dried at 70 °C for 96 h and ground with a Wigl-L-bug microgrinder (Dentsply Rinn Corp., Elgin, Ill.). Leaves were later analyzed for carbon and nitrogen content using the micro-Dumas combustion assay (Kirsten, 1983) at the Analytical Chemistry Lab., Institute of Ecology, University of Georgia, Athens, Georgia. (See http: //www.uga.edu/~sisbl/udumas.html for overview of elemental analysis by Micro-Dumas Combustion). Plants from the Non-AI Fig. 1 . Schematic of chrysanthemum plant with leaf location used in analysis of aphids, ethylene, gas exchange, carbon and nitrogen levels. The three regions were 1) young leaves-two to three newly unfurled leaves from the apical region, 2) physiologically mature leaves and 3) older leaves-basal, postphysiologically mature leaves from the oldest one to three laterals above the soil surface. Note that there were four, clonally rooted cuttings per pot, not one, which is depicted for schematic purposes in the fi gure.
group were harvested in the same way as AI plants. To determine if there were any leaching effects from washing leaves, half the Non-AI leaves were not washed. There were no statistical differences between washed and unwashed leaves using the t test (Data not presented).
MACRO-AND MICRONUTRIENT ANALYSIS.
Leaf tissue of physiologically mature leaves was harvested at the termination of the experiment using leaves from individual pots per treatment (n = 3). The mineral status of plants was then determined on a dry mass basis. Dry leaves were ground in a Wiley mill and part of the leaves used for N analysis and the remainder for other macro-and microelemental analysis. Nitrogen content was determined using the Kjeldahl procedure (Rund, 1984) . The remaining samples were digested in wet acid (Jones et al., 1991) , and macro-and microelemental determination was made on an inductively coupled plasma atomic emission spectrophotometer (3510 ICP) at a commercial lab (J.R. Peters/Scottʼs Testing Laboratory, Allentown, Pa.) using the procedures of Munter and Grande, 1981 .
CHLOROPHYLL DETERMINATION. Leaf chlorophyll was determined with a SPAD-502 portable chlorophyll meter (Minolta Camera Co., LTD, Japan). The SPAD-502 meter readings were correlated with a chlorophyll content prediction equation: y = -0.001x 3 + 0.104x 2 -1.730x + 11.702, where y = chlorophyll content (µg·cm -2 ), x = meter reading (r 2 = 0.98). This equation was obtained by running a linear regression analysis between the SPAD-502 readings obtained from physiologically mature leaves from two to three pots of each fertility level, and the total chlorophyll content of the same pair of leaves. Leaf chlorophyll was extracted with aqueous acetone (80%) and the total content was determined by optical density of fi ltered aqueous acetone supernant, which was measured at 647 nm and 664 nm with a spectrophotometer (Yadava, 1986) . During the experiment, two leaves from three pots per treatment were randomly selected from each of the three leaf regions per pot and weekly measured with a SPAD-502 (n = 6). Only the fi nal data is reported.
NET PHOTOSYNTHESIS. Net photosynthesis (Pn) and stomatal conductance (g s ) measurements of individual leaves were taken between 8:00 and 11:00 using a portable photosynthesis system (LI-6400; LI-COR Inc., Lincoln, Neb). The LI-6400 was programmed with a constant leaf chamber block temperature at 25 °C; a fi xed substrate level of 360 µL·L -1 CO 2 was provided with a 12-gram cartridge, and the light source was an LED 6400 R/B at 300 µmol·m -2 ·s -1 . Each leaf was a single replication, and there were three replications per treatment (n = 3). Only the fi nal measurements are reported which were taken 2 d before harvesting the experiment. There were no treatment effects on g s , so only Pn is reported.
ETHYLENE DETERMINATION. Buds, young leaves, physiologically mature leaves and old leaves ( Fig. 1) were excised at the time the experiment was terminated. These samples were immediately transferred to 10-mL glass vials and sealed with a rubber serum stopper. After 10 min of incubation, a 1-mL volume of gas was withdrawn with a needle and syringe and immediately injected into Photovax 10 plus digital gas chromatograph (PhotoVac Inc., Waltham, Mass.) with a photo detector; compressed air (ultra zero grade, Praxair Inc., Danbury, Conn.) was the carrier gas. Ethylene concentration was determined by a standard ethylene curve programmed in the GC.
EXPERIMENTAL DESIGN AND STATISTICAL DATA ANALYSIS. For plant growth data and leaf macro-and microelements, the experiment was arranged in a 5 fertility × 2 ± aphid factorial. Each pot with four established-rooted cuttings was a single replication. There were three replications arranged in a completely randomized design. Data from all variables were analyzed by using analysis of variance (ANOVA) (SAS Institute Inc., 2000) , with aphid inoculation and fertility concentration as main effects. For analysis of total leaf carbon and nitrogen (n = 3), net photosynthesis (n = 3), leaf chlorophyll (n = 6), the experiment was arranged in a 5 fertility × 2 ± aphid × 3 leaf positions (young, physiologically mature, old) factorial using ANOVA. For aphid populations (n = 3), the experiment was arranged in a 5 fertility × 3 leaf position factorial using ANOVA. None of the control (not inoculated with aphids) became infested with aphids during the experiment. Aphid inoculated and noninoculated plants were grown in two separate chambers to avoid contamination. The experiment was repeated and chambers switched among aphid treatments to avoid possible chamber effects; there were none. Since the experiment was repeated twice, only the second run is presented which mirrored the results of the fi rst run.
Results
APHID ABUNDANCE.
Aphid abundance was greatest at high fertility (P ≤ 0.0001) (Fig. 2) . A greater population of aphids were observed in physiologically mature and older leaves at low fertility, whereas at high fertility young leaves had 33% more aphids than older, basal leaves.
PLANT GROWTH. Aphid inoculated (AI) plants had reduced individual fl ower bud DM from 0 to 75 ppm N (Fig. 3, Table 1 ). At the highest fertility level (375 ppm N), AI plants had lower total fl ower bud, leaf and total top DM and reduced fl ower bud Fig. 2 . Effect of fertility and leaf development on aphid populations in chrysanthemum at termination of experiment; n = 3; bars indicate the standard error of the mean, when absent it falls under the symbol; treatment effects of fertility (F), leaf position (L) and F × L were highly signifi cant (P ≤ 0.0001). , (E) shoot DM, and (F) total plant DM; n = 3; bars indicate the standard error of the mean, when absent it falls under the symbol; see Table 1. number than aphid free (Non-AI) plants (Figs. 3 and 4, Table 1 ). However aphids had no effect on plant height or shoot and total plant DM (total top DM and root DM). AI plants at high fertility had increased specifi c leaf area [(SLA), i.e., thinner leaves] and greater leaf area than Non-AI plants (Fig. 4 (C/N) . In physiologically mature leaves, AI plants had decreased leaf nitrogen (N) at all fertility levels compared to Non-AI treatments (Table 2) . AI plants also had decreased leaf phosphorus (P) from 19 to 75 ppm N compared to Non-AI treatments (Table 2) . Boron (B) tended to be lower and zinc (Zn) higher in AI plants. There was not a consistent AI response in potassium (K) and calcium (Ca). Leaf N, P, iron (Fe), B, manganese (Mn) and molybdenum (Mo) increased at higher fertility (Table  2) . Among the three types of leaves, total Leaf N was highest in young and physiologically mature leaves compared to old, basal leaves (Fig. 5) . Treatment effects of aphids (A), fertilization (F) and leaf type or location (L) on total leaf N were signifi cant with values, respectively, of P ≤ 0.04, P ≤ 0.0001, and P ≤ 0.01; there was a signifi cant interaction between F × A, P ≤ 0.01). At highest fertility, young leaves of AI plants had lower total leaf N than NonAI treatments (Fig. 5) . From 38 to 375 ppm N, physiologically mature leaves of AI plants had lower leaf N than NonAI treatments (Fig. 5) . The total percent leaf carbon was unaffected by aphids or fertility treatments (data not presented).
CHLOROPHYLL AND NET PHOTOSYNTHESIS. Chlorophyll and photosynthetic rates increased at higher fertility (Fig. 6 ). Treatment effects of aphids (A), fertilization (F) and leaf location (L) on leaf chlorophyll were, respectively, non-signifi cant, P ≤ 0.0001 and P ≤ 0.0001. Hence, aphids had no signifi cant effect on leaf chlorophyll. Aphids reduced photosynthesis in young leaves of high fertility plants, whereas physiologically mature and older leaves were unaffected [treatment effects of aphids (A), leaf position (L) and A × L were signifi cant with values, respectively of, P≤ 0.0001, P≤ 0.0207, and P≤ 0.0531] (Fig 6) . There were no aphid or fertility effects on stomatal conductance (data not presented). ETHYLENE. Aphids caused greater ethylene production in reproductive buds and young leaves of high fertility plants, but had no effect on ethylene evolution in physiologically mature or older basal leaves (Fig. 7) .
Discussion
This is one of the fi rst reports on the susceptibility of chrysanthemum to cotton aphids (Aphis gossypii)-detailing the infl uence Fig. 4 . Effect of aphids and fertility on (A) plant height, (B) leaf area, (C) fl ower bud number, and (D) specifi c leaf area (cm 2 ·g -1 ) of chrysanthemum; n = 3; bars indicate the standard error of the mean, when absent it falls under the symbol; see Table 1 . 8.3 ± 0.4 3.1 ± 0.1 71.5 ± 6.3 20.2 ± 1.0 19.2 ± 4.9 5.0 ± 0.7 55.3 ± 6.9 1 ± 0.11 Yes 9.3 ± 0.1 3.9 ± 0.4 20.5 ± 0.8 8.6 ± 0.2 3.0 ± 0.1 65.8 ± 0.9 19.8 ± 2.1 20.0 ± 1.4 5.0 ± 0.4 62.1 ± 10.6 0.9 ± 0.3 19 No 12.7 ± 0.1 5.0 ± 0.1 24.7 ± 1.0 7.0 ± 0.1 2.8 ± 0.1 83.3 ± 0.8 23.1 ± 1.4 30.4 ± 1.0 10.1 ± 8.5 47.7 ± 3.7 1 ± 0.1 Yes 11.2 ± 0.1 4.1 ± 0.1 23.7 ± 0.3 7.4 ± 0.3 2.6 ± 0.1 72.0 ± 1.7 21.5 ± 0.4 21.8 ± 1.7 5.0 ± 0.3 57.8 ± 6.9 0.9 ± 0.1 38 No 14.1 ± 0.1 5.2 ± 0.1 25.2 ± 1.0 7.2 ± 0.3 2.8 ± 0.1 77.3 ± 2.2 46.4 ± 2.5 30.9 ± 2.7 5.5 ± 0.8 44.5 ± 4.4 1.1 ± 0 Yes 12.5 ± 01 4.5 ± 0.2 24.1 ± 0.5 6.8 ± 0.1 2.4 ± 0.2 72.6 ± 1.5 24.7 ± 4.8 21.6 ± 2.0 5.1 ± 1.0 54.6 ± 4.2 0.8 ± 0.0 75 No 18.0 ± 0.1 6.1 ± 0.3 27.6 ± 0.9 6.9 ± 0.4 2.7 ± 0.2 77.4 ± 2.4 33.1 ± 4.1 27.2 ± 5.7 6.0 ± 0.5 42.1 ± 4.7 1.4 ± 0.2 Yes 16.0 ± 0.1 5.1 ± 0.4 27.3 ± 0.9 7.8 ± 0.9 2.6 ± 0.5 75.9 ± 3.9 29.6 ± 0.3 33.5 ± 14. 5.9 ± 0.4 50.8 ± 5.0 1.4 ± 0.3 375 No 24.3 ± 0.1 7.1 ± 0.4 26.6 ± 1.5 7.2 ± 0.7 2.6 ± 0.3 95.8 ± 4.9 56.2 ± 12.7 36.2 ± 4.0 6.5 ± 0.8 25.6 ± 3.0 4.6 ± 0.5 Yes 21.3 ± 0.1 7.0 ± 0.4 25.0 ± 1.6 8.1 ± 0.6 3.1 ± 0.1 90.6 ± 4.0 87.7 ± 20.3 40.1 ± 3.2 6.0 ± 0.5 33.5 ± 2.9 4.3 ± 0. of fertility on herbivore abundance, plant growth, photosynthesis and ethylene evolution. We hypothesized that moderate levels of N would better control aphids on chrysanthemum. In fact, aphid levels were reduced by 75% or more at moderate to low fertility levels. The greater aphid abundance at the highest fertility level of 375 ppm N led to the sharpest reduction in plant performance. A basic question of this research was how does aphid feeding infl uence plant growth, and is this altered by plant fertility at different N levels? Aphids signifi cantly infl uenced carbohydrate partitioning of chrysanthemum. While aphids did not alter total plant biomass, they did reduce reproductive growth (lower fl ower bud number and total fl ower bud dm) and decreased leaf biomass.
Phenotypic plasticity is the ability of a plant to modify it physiology and/or morphology in response to biotic and abiotic stimuli. The biotic infl uence of aphids and abiotic response to high fertility triggered morphological changes in leaf development by increasing the specifi c leaf area [(SLA) {cm 2 ·g -1 leaf mass}, i.e., thinner leaves] and increasing the leaf area. In another study, we observed increased leaf area in AI plants at high fertility . A higher SLA indicates that fewer leaf mesophyll cells develop and that biomass is reduced per unit leaf area (Hunt and Lloyd, 1987; McDonald, 1990) . Differences in SLA can also be caused by increased light, as well as increases in water content and cell size, or altered thickness of leaves and veins (Dijkstra, 1990) . Chrysanthemum is a fast-growing, nutritionally high-demanding plant. As such, fast-growing plants could benefi t from a high SLA if leaves increased photosynthetic levels under certain environmental conditions ( Van der Werf, et al., 1993) . In a study on volatile communication (aerial allelopathy) between barley cultivars, plants exposed to volatiles from another cultivar had a higher SLA, which enabled them to maintain the same relative growth rate (RGR) (Ninkovic, 2003) . In our study with chrysanthemum, the greater SLA with AI-plants at high fertility may be due to aphid-induced volatiles (including ethylene) and as compensation for reduced photosynthesis (Pn)-due in part to aphid induced leaf sooty mold, which reduced light penetration at the leaf surface. Furthermore, the greater leaf area of AI-plants would increase the potential surface area for capturing sunlight for photosynthesis.
Aphids are phloem feeders and cause minimal tissue damage, relative to leaf miners which attack leaf mesophyll tissue or thrips which target individual cells. As such, plants perceive aphids as pathogens and activate the salicylic acid-dependent and jasmonic acid/ethylene dependent signalling pathways (Walling, 2000) . These aphid-triggered physiological responses may also cause changes in leaf SLA.
AI chrysanthemum had reduced total N at high fertility in both young and physiologically mature leaves, but not in older leaves compared to Non-AI plants (Fig. 5) . Physiologically mature leaves of AI plants from 0 to 375 ppm N, had lower leaf N than Non-AI plants (Table 2 ). Leaf N is a crude index of nitrogen available in the phloem (Dixon, 1970) . However, dietary nitrogen, principally in the form of amino acids in the phloem, is an important factor infl uencing aphid development (Douglas, 1993) . Hence aphid consumption of soluble nitrogen via amino acids is likely contributing to the decline in total N. Aphids are known to concentrate more in newly developing leaves than older leaves, in part because of greater amino acid concentration in the phloem of the former (Douglas, 1993) .
While increasing N fertilization can increase plant growth (biomass), decreases occur in carbon-based defensive chemicals, such as phenolics, tannins and terpenes (Muzika and Pfregitzer, 1992) . Phenolics represent a large and structurally diverse class of compounds, second only to carbohydrates in their abundance in higher plants. Phenolics are ubiquitous and have antibiotic and antimicrobial activity (Harborne 1985) ; consequently many phenolics have some level of phytotoxicity which may play a role in plant defense. Hence, reduced levels of allelochemicals at high N may also be contributing to increased aphid populations. It should also be noted that aphids do not always respond favorably to N-fertilized plants. Too high a fertility level and supraoptimal N in chrysanthemum can reduce aphids, in part due to high salinity mediated through the plant root system and reduced soluble proteins in the host plant (Bethke, et al., 1998) .
The percent leaf carbon (C) was similar among all treatments, consequently any difference in C/N ratios are attributed to differences in N. The carbon analysis combined both structural and soluble carbohydrates, so we were unable to determine if soluble carbohydrates differed among treatments. The principal carbon source utilized by most aphids is sugar, particularly sucrose (Douglas, 1993) . Insects such as beetles will consume 5-fold more leaf tissue in plants low in carbon and rich in nitrogen (Larsson et al., 1986) .
Leaf P was lower in AI plants from 19 to 75 ppm N, however the tissue P levels were in the suffi ciency range among all treatments (Jones, et al., 1991) . There were differences in B and Zn in AI plants, however, both microelements were considered in the suffi ciency range for all treatments (Jones, et al., 1991) . Among treatments, Ca, K and Mn were considered in the defi ciency range, while Mg, Fe (at high fertility) and Cu were considered in the suffi ciency range (Jones, et al., 1991) .
At higher fertility, chlorophyll and net photosynthesis (Pn) increased. Leaf chlorophyll may vary according to light conditions (Pospisilova et al. 1997 ) and other factors such as mineral status of the plants, in which N, Mg, Cu, and Fe have important roles (Taiz and Zeiger 1998) . Leaf N was higher in Non-AI plants. While aphids did not statistically alter leaf chlorophyll, there was a reduction in Pn at high fertility (375 ppm N) in AI young leaves, but not physiologically mature or older leaves. Lower N in AI plants may have indirectly reduced Pn. The reduced Pn in young leaves of AI plants may also be due to physical stress of phloemfeeding aphids, i.e., causing higher ethylene evolution or other signalling compounds. Aphids excrete residue on the leaf surface which can lead to a build-up of sooty mold fungi, reducing light irradiance which can decrease Pn, as previously discussed. Changes in carbon partitioning with reduced leaf mass and higher SLA (fewer leaf mesophyll cells) may also have reduced Pn.
Aphids caused greater ethylene production in reproductive buds and young leaves of high fertility plants, but had no effect on physiologically mature or older leaves. Ethylene is a phytohormone that can occur with plant injury, i.e., aphid stylets penetrate leaf mesophyll cells in locating phloem tissue. Genes activated on herbivore attack are strongly correlated with the mode of herbivore feeding and the degree of tissue damage at the feeding site (Walling, 2000) . Phloem feeding aphids (and white fl ies) produce marginal injury to plant foliage and are instead perceived as pathogens and can activate ethylene-dependent signaling pathways (Walling, 2000) . This may in part explain the higher ethylene in fl ower buds and young leaves of AI plants. Ethylene can adversely effect plant growth, and with other plant hormones-controls such important physiological processes as leaf and fl ower senescence and abscission. Ethylene is also associated with leaf chlorophyll degradation and senescence (Abeles et al. 1992) . High rates of ethylene production are normally associated with shoot apical areas, presumably because of higher auxin content in meristematic tissue. But in our study with chrysanthemum, no differences in ethylene occurred between young vs. physiologically mature leaves (except with the presence of aphids). Aphids caused ethylene to increase more than 2-fold in AI young leaves and buds vs. Non-AI plants. Autocatalytic ethylene production occurs in fl oral senescence (Abeles et al., 1992) , and possibly with AI plants. In general, ethylene does not have a direct effect on photosynthesis (Abeles et al. 1992) . In a nonaphid study subjecting plants to environmental stress, there was a negative linear correlation between increasing ethylene concentrations and decreasing leaf chlorophyll . at higher fertility. This can potentially lead to phytotoxic effects and a reduction in plant quality. The increased aphid populations in younger than older leaves at high fertility in our study may be due to higher amino acid levels (which we did not measure); leaf N was higher in younger leaves. Soluble amino acids levels fl uctuate in response to plant stress (Bethke et al., 1998; Jansson et al., 1987) . Water stress can increase host plant susceptibility to aphids due to higher soluble N in the vascular system (Kennedy, 1958; Kennedy and Booth, 1959; Mattson, 1980) . However, it is soluble amino acid levels per se that affects aphid populations, not just plant fertility or leaf N (Bethke et al., 1998) . Douglas (1993) reported that amino acid content of phloem exudates from leaves and of aphid honey dew was greater in summer than fall, and higher in rapidly developing leaves in a growth fl ush than mature leaves. Hence, higher fertility likely contributed to subsequent increases in soluble nitrogen, amino acids and potentially lowered levels of carbonbased phenolic allelochemicals (Herms, 1989 )-enabling greater aphid populations in young chrysanthemum leaves.
Besides N, aphids also require carbohydrates (sucrose), which would be high in the metabolic sink area of new developing vegetative and reproductive meristems and young, developing leaves. In our study, aphids were not confi ned to a particular leaf and had the opportunity to move and locate optimal feeding sites. At low fertility, the higher aphid populations in physiologically mature and older leaves may have been due to their larger canopy (platform on which aphids could congregate compared to the limited surface area of stunted, younger leaves). Relative to young leaves, there maybe some microhabitat environmental advantages of aphids congregating in older leaves of low N plants, such as closer proximity to the high relative humidity of the moist media (soil mix). Also the relative sink strength of N between young and older leaves decreased under low fertility. At low fertility, plant growth rates were very slow, so there were potentially higher levels of soluble carbohydrates and comparably low nitrogen levels among the three leaf types. In another study, differences in chrysanthemum cultivars and desirability of aphid populations to occur in newly developing leaves and shoot apices (in N suffi cient plants) affected the vertical distribution of aphids (Wyatt, 1969) . More aphid resistant cultivars tended to have fewer aphids colonizing on physiologically mature leaves, compared to lower basal leaves and apices. However, with increasing population pressure and the development of alates, aphids will move throughout the plant canopy (Wyatt, 1969) .
In summary, commercial production of chrysanthemum entails a rapid crop cycle where nutrients and water are applied in abundance. A basic tenant of BMP and integrated pest management (IPM) systems is the reduction of quantities of fertilizers and pesticides through more judicious use and integration of pest control methods (Holtzer et al. 1996) . IPM is highly applicable to a single plant-pest system-hence the potential with the chrysanthemum-aphid system. The morphology and physiological status of chrysanthemum determines its susceptibility to aphids. This paper demonstrates the infl uence of aphids on increasing ethylene, decreasing Pn, decreasing carbon allocation to leaves and reproductive structures. Selecting chrysanthemum cultivars with greater resistance to aphids is one approach to IPM. With other crops such as potatoes, cultural practices are used to control aphid populations (Harrewijn, 1983; Jansson and Smilowitz, 1986) . Controlling fertility and irrigation practices to reduce and manage aphids in chrysanthemum are other options. Fine-tuning fertility to slow aphid growth may reduce the number of pesticide applications , and A × L were signifi cant with values, respectively of, P ≤ 0.0001, P ≤ 0.0207, and P ≤ 0.0531]; n = 6 for leaf chlorophyll and n = 3 for gas exchange; bars indicate the standard error of the mean, when absent it falls under the symbol.
While low to moderate N fertility greatly reduced aphid populations in our study, the chrysanthemums were nutritionally defi cient and not of marketable quality. Aphids respond favorably to N fertility of plants (Herms, 1989; Pettit et al., 1994) . Soluble nitrogen has been positively correlated to increased aphid levels (Van Emden and Bashford, 1969) . In several greenhouse studies (data not reported), differences between 75 and 375 ppm N were much less dramatic than in our growth chamber studies. In part this was because of different environmental conditions and that no pesticides were used in the growth chambers. Greenhouse production requires the use of pesticides to control aphid outbreaks and associated chemical phytoxicity. Furthermore, how aphids infl uence plant growth and development could also be used for establishing aphid density thresholds for spraying. While growing plants under defi cient fertility levels is not a satisfactory strategy for reducing insect pests, more precise chemical practices that reduce fertility and pesticide levels that produce healthier, less stress susceptible plants are feasible.
